A preliminary feasibility study of the potential application of small nuclear reactor space power systems t o manned planetary surface base missions has been conducted. The purpose of the study was t o identify and assess the technology, performance, and safety issues associated with integration of reactor power systems with an evolutionary manned planetary surface exploration scenari 0.
INTRODUCTION
A program plan for planetary exploration and exploitation will likely consist o f a series of phased elements that provide a scenario for orderly growth that accounts for increasing power requirements as manned presence increases. Table I presents a list of major phased elements leading up to, and including, the establishment of a permanent, sustained surface base. The power requirements and power system technologies available t o meet these requirements are discussed below.
Precursor robotic observer and sample return missions will probably utilize the NASA Mariner Mark I1 type spacecraft. Near term precursor missions using this spacecraft are constrained t o chemical propulsion and either RTG's or solar photovoltaic (PV) power supplies at power levels up to about 1 kWe. Far term precursor mission goals could be enhanced by the use of small space reactors providing power levels of 2 5 kWe and higher for both nuclear electric propulsion (NEP) and science power. A recent NASA study (ref. 1 ) has shown the preliminary feasibility of small reactor integration with a Mariner Mark I1 spacecraft to provide power for both science and NEP for the Cassini Mission.
Investigation of potential outpost sites and initial surface station development may require power levels from 25 kWe to about 100 kWe. power supply candidates include solar PV with battery or regenerative fuel cell (RFC) storage, solar dynamic (SD) with phase change material thermal energy or RFC storage or smal 1 reactor power systems.
The establishment of a permanent, sustained surface base may require power supplies that can build up to levels in the hundreds to thousands of electrical kilowatts. This growth buildup can be achieved by deployment of modular groupings of small to moderate size nuclear or solar power systems.
Potential
The selection of a particular candidate power system for any of the planetary exploration elements discussed is highly dependent upon the power level required and the physical characteristics of the specific planetary surface in quest i on.
of kilowatts on the lunar surface could show very significant system mass advantages for nuclear power systems. This superiority over both solar photovoltaic and solar dynamic systems is due to the extended shade or darkness duration at a typical nonpolar lunar site (about two continuous weeks per month). Similar power level requirements on the Martian surface, for example, will reduce the advantage of nuclear power systems somewhat because of the cyclical nature of the darkness duration, but the reduced M a r t i a n surface solar intensity (about 50 percent of that on the moon or earth) will still maintain an important nuclear mass advantage.
For example, a requirement for power levels in the hundreds to thousands I An important consideration for any candidate surface power system concept is a definition of requirements. The projected requirements list shown in table I1 is generalized for planetary surface power applications and does not include any detailed mission specific design requirements relating to power system lifetime, reliability, mass or volume limitations, etc. The requirement for compatibility with the planetary environment includes interactions of the atmospheric constituents with any high operating temperature material of the power system. Mars surface power system that uti 1 izes high temperature refractory metal alloy materials in construction. tors represents an attempt to limit astronaut construction activities by using the planetary surface as a support for the large radiators needed. The consequence of one-sided heat transfer inherent in this requirement will however, double the heat rejection area needed for typical flat plate space radiators. The requirement for compact/transportable power systems is based on the assumption that they may have to be moved to their sites by a rover vehicle with relatively modest capability for transporting large or heavy loads over long distances. The last requirement, modularity for growth, is based on the rationale that as manned presence increases with time so will power requirements. Thus, the use of replicated or modular power systems could provide slgnificant instal lation and operational benefits along with the increased reliability that accrues from multiple power supplies. This requirement will, for example, probably eliminate any
The requirement for surface deployable radia-SMALL REACTOR POWER SYSTEM CHARACTERIZATION Over the past 20 years a wide variety o f small (in comparison with terrestrial power plants) reactor power system concepts have been proposed and I advocated for development by U.S. i n d u s t r y . space r e a c t o r power system concept i s under a c t i v e development i n t h e U.S. Although t h i s program i s c u r r e n t l y focused on a 100 kWe system design and demo n s t r a t i o n t h e concept i s capable o f p r o v i d i n g h i g h performance o v e r an extremely wide range o f power l e v e l s . B a s e l i n e concept designs can p r o v i d e low s p e c i f i c mass systems down t o about 25 kWe and growth v e r s i o n s would be capable o f multimegawatt o u t p u t w i t h h i g h performance Brayton or S t i r l i n g c y c l e energy conversion. There i s , however, c o n s i d e r a b l e i n t e r e s t i n h i g h performance r e a c t o r power systems t h a t can p r o v i d e power over t h e 1 t o 25 kWe range for t h e p l a n t a r y e x p l o r a t i o n and s u r f a c e power m i s s i o n elements i d e n t i f i e d i n t a b l e I. I n l a t e 1986 t h e NASA Lewis Research Center s o l i c i t e d c u r r e n t concepts from i n d u s t r y and conducted a p r e l i m i n a r y f e a s i b i l i t y and s a f e t y assessment o f small r e a c t o r concepts f o r t h i s low power regime ( r e f . 1 ) . A summary m a t r i x o f t h e concepts evaluated i s shown i n t a b l e 111. Two g e n e r i c r e a c t o r types, p i n and s o l i d core, cooled by t h r e e heat t r a n s p o r t modes t o p r o v i d e thermal energy t o a v a r i e t y o f s t a t i c and dynamic t h e r m a l -t o -e l e c t r i c power conversion devices were evaluated. The smal 1 r e a c t o r concepts considered are r e l a t i v e l y compact and t y p i c a l dimensions are shown i n f i g u r e 1 for a t y p i c a l 200 kWt r e a c t o r design u s i n g a p i n t y p e core w i t h f o r c e d convection c o o l i n g . This concept uses a c e n t r a l c o n t r o l r o d and r a d i a l and a x i a l r e f l e c t o r s for r e a c t i v i t y c o n t r o l . When coupled t o a d i r e c t or s t a t i c power conversion subsystem system e l e c t r i c a l o u t p u t s i n t h e 10 t o 15 kWe range a r e produced. Coupling t o a more e f f i c i e n t dynamic power conversion subsystem would generate e l e c t r i c a l power i n t h e 30 t o 40 kWe range.
A t t h e p r e s e n t t i m e t h e SP-100
Although r e l a t i v e l y compact, t h e r e a c t o r i s t h e major mass component o f t h e unshielded system. T h i s i s shown i s t a b l e IV which represents a t y p i c a l unshielded mass breakdown o f a r e a c t o r power system u s i n g a t h e r m o e l e c t r i c ( T I E ) power conversion concept. Output powers o v e r t h e range of 1 t o 25 kWe a r e based on a conversion subsystem e f f i c i e n c y o f 5 percent. Reactor mass estimates a r e based on a composite model t h a t represents the concepts e v a luated i n r e f e r e n c e 1, and r a d i a t o r masses a r e based on one-sided h e a t r e j e ct i o n a t a temperature o f 800 K. t a b l e IV because s h i e l d c o n f i g u r a t i o n s a r e s t r o n g l y dependent on a wide range o f f a c t o r s as shown i n t a b l e V. Even for the s p e c i f i c m i s s i o n a p p l i c a t i o n o f p l a n e t a r y s u r f a c e power many s h i e l d i n g c o n f i g u r a t i o n o p t i o n s are p o s s i b l e . These o p t i o n s are shown i n f i g u r e 2 which s c h e m a t i c a l l y d e p i c t s t h e surface r e a c t o r power system on t h e l e f t s i d e of each c o n f i g u r a t i o n and t h e occupied s u r f a c e base h a b i t a t on t h e r i g h t s i d e . The unshielded c o n f i g u r a t i o n t r a d e s o f f s h i e l d mass a t t h e expense o f l a r g e reactor-to-base d i s t a n c e s which r e s u l t s i n a mass p e n a l t y f o r l o n g power t r a n s m i s s i o n l i n e . The shadow s h i e l d c o n f i g u r a t i o n u t i l i z e s man-made s h i e l d s manufactured on E a r t h and t r a n s p o r t e d t o t h e p l a n e t a r y surface. The remaining two s h i e l d o p t i o n s u t i l i z e indigenous surface m a t e r i a l e i t h e r i n t h e form o f a b u i l t -u p mound or an excavation. Not shown, b u t c e r t a i n l y under c o n s i d e r a t i o n , i s t h e u t i l i z a t i o n o f e x i s t i n g surf a c e depressions o r c r a t e r s .
S h i e l d mass has been s p e c i f i c a l l y o m i t t e d from
I n o r d e r t o c a l c u l a t e t h e t h i c k n e s s requirements o f these s h i e l d i n g conf i g u r a t i o n s the dose and dose r a t e g u i d e l i n e s and c o n s t r a i n t s for safe humanr a t e d r a d i a t i o n exposure must be i d e n t i f i e d since human r a t e d dose g u i d e l i n e s w i l l always r e q u i r e more r a d i a t i o n a t t e n u a t i o n than t h a t r e q u i r e d f o r power system e l e c t r o n i c s or instruments a t t h e same l o c a t i o n . Estimates f o r t o t a l maximum i n t e g r a t e d manned dose as a f u n c t i o n o f exposure t i m e and body locat i o n a r e shown i n t a b l e VI. The i n t e g r a t e d doses shown are f o r t o t a l exposure t o b o t h n a t u r a l ( u n c o n t r o l l a b l e ) r a d i a t i o n sources and man-made c o n t r o l l a b l e r a d i a t i o n sources. C u r r e n t p r e l i m i n a r y c o n s i d e r a t i o n s of the NCRP S c i e n t i f i c Committee No. 75 have e s t a b l i s h e d a 5 Rem depth dose g u i d e l i n e f o r c o n t r o l l ab l e r a d i a t i o n sources such as r e a c t o r power systems w i t h a 25 Rem t o t a l (cont r o l l a b l e p l u s u n c o n t r o l l a b l e ) dose for a 30 day exposure. The NCRP has a l s o suggested t h a t an increase i n t h e 30 day t o t a l exposure depth dose from 25 t o 50 Rem be allowed for e x p l o r a t o r y missions. there i s no i n d i c a t i o n o f a corresponding a l l o w a b l e increase i n the 5 Rem dose g u i d e l i n e f o r c o n t r o l l a b l e r a d i a t i o n sources. For the purpose of p r e s e n t i n g p a r a m e t r i c analyses o f s h i e l d requirements b o t h 5 Rem and 25 Rem dose guidel i n e s w i l l be used t o r e p r e s e n t the range of p o t e n t i a l a l l o w a b l e depth dose for 30 day a s t r o n a u t exposure time.
A t t h e present t i m e however,
The f o l l o w i n g s e c t i o n s o f t h i s r e p o r t w i l l d e s c r i b e and evaluate t h e plane t a r y surface s h i e l d i n g o p t i o n s a v a i l a b l e and discuss t h e issues associated w i t h them.
SHADOW SHIELD OPTION
T h i s s h i e l d o p t i o n u t i l i z e s h i g h l y e f f i c i e n t s h i e l d i n g m a t e r i a l s manufact u r e d and assembled on Earth, i n t e g r a t e d w i t h t h e r e a c t o r power system and d e l i v e r e d to the p l a n e t a r y surface.
A top v i e w o f a t y p i c a l shadow s h i e l d c o n f i g u r a t i o n l a y o u t Is shown I n f i g u r e 3. Both t h e r e a c t o r and s h i e l d a r e assumed to be " s i t t i n g " on a f l a t s e c t i o n o f p l a n e t a r y surface. The s h i e l d , which i s l o c a t e d as c l o s e as possib l e t o t h e r e a c t o r t o minimlze s h i e l d mass, p r o v i d e s a s h i e l d e d w i d t h a t the surface base h a b i t a t t h a t i s a f u n c t i o n o f t h e reactor-to-base d i s t a n c e and t h e s h i e l d h a l f -a n g l e .
Parametric analyses o f s h i e l d t h i c k n e s s and mass requirements were carr i e d o u t u s i n g an unpublished NASA Lewis computer code based on Monte C a r l o analyses. Shadow s h i e l d mass as a f u n c t i o n of reactor-to-base d i s t a n c e i s shown i n f i g u r e 4 for a 500 kwt r e a c t o r thermal o u t p u t and a 5 m base h a b i t a t h e i g h t ; parameters a r e s h i e l d e d w i d t h a t the base and i n t e g r a t e d dose. ( A r e a c t o r power system thermal o u t p u t o f 500 kWt w i l l generate about 25 kWe w i t h a d i r e c t power conversion subsystem and about 100 kWe w i t h a dynamic or heat engine power conversion subsystem.) A 5 m base h a b i t a t h e i g h t was s e l e c t e d t o r e p r e s e n t a two-story s t r u c t u r e whose w a l l s were c o n s e r v a t l v e l y assumed t o have no i n h e r e n t s h i e l d i n g a t t e n u a t i o n c a p a b i l i t y . A t an a r b i t r a r y 100 m reactor-to-base d i s t a n c e t h e s h i e l d mass for a 40 m w i d t h a t the base h a b i t a t i s about 300 kg for e i t h e r t h e 5 Rem130 day or 25 Rem130 day dose c o n s t r a i n t . shield to the base boundary. For a 500 kWt reactor thermal power level a surface material shield thickness of about 5 m will provide a 5 Rem/30 day dose at a reactor-to-base distance of 100 m. thickness to 7 m would allow up to 30 day occupancy immediately adjacent to the shield should it be required.
Increasing the surface material
In addition to the required thickness, the volume and mass of the surface For a 7 m thick shadow shield that provides material to be collected i s also of interest with respect to the requirements for materials handling equipment. a 160 m width for a 5 m high base habitat at a reactor-to-base distance of 100 m the suraface material volume that must be collected is on the order of 16 m3 with a mass o f about 2x104 kg. should be within the capability of modest material handling equipment that should be normally available for other planetary surface base construction operations.
This rather small volume and mass An evaluation o f planetary surface material activation due to transmutation by reactor neutron capture was conducted to assess its importance. Surface soil material activation will produce secondary gamma ray sources in soil material exposed to neutrons leaking from an unshielded reactor. In general, activation will be o f more concern for unshielded reactors located in excavations since this geometry exposes the most surface material close to reactor neutron radiation.
SURFACE EXCAVATION SHIELD OPTION
The placement of reactor power systems within manmade excavations or existing small surface craters may be the simplest means of providing personnel shielding for planetary surface power installations. In order to minimize astronaut activity excavation volumes should be as small as possible. This can be accomplished by placing either the reactor subsystem alone or the reactor p l u s energy conversion subsystem inside the excavation. This choice wi 1 1 depend on the required level of integration of the reactor and power conversion subsystems. In either case, however, both the radiation sensitive power processing equipment and the large surface area radiator would be located outside the excavation and on the planetary surface. Excavation volume requirements for these compact systems will be minimal; hole depths of 1 m and diameters o f less than 2 m should be ample for power systems capable of generating up to 100 kWe.
Locating suitable craters equivalent to manmade excavations may prove to be difficult since crater depth, diameter and location requirements are important. However, many larger craters that can accommodate a complete reactor power system including radiator and power processor exist on the Lunar and Martian surface. Local instrument rated spot shielding, however, may be required i f radiation sensitive power processing equipment must be located near the unshielded reactor.
SURFACE MATERIAL ACTIVATION
The soil material activation analysis was based on the Viking landing site soil composition data shown table VIII. The ORIGEN computer code was used to calculate activation inventories and energy rates as a function o f time a f t e r shutdown f o l l o w i n g t e n year o p e r a t i o n . The bare r e a c t o r source (70 by 100 cm long) was assumed t o be l o c a t e d i n a 100 cm deep e x c a v a t i o n and surrounded by a s o i l c y l i n d e r ; t h e t h i c k n e s s of a c t i v a t e d s o i l was assumed t o be 500 cm. The r e s u l t s o f t h e a c t i v a t i o n c a l c u l a t i o n s a r e shown i n t a b l e s I X and X. Table I X shows t h e t i m e growth i n v e n t o r y o f a c t v a t e d s o i l m a t e r i a l i n Curies f o r each o f t h e i m p o r t a n t r a d i o n u c l i d e species. Maximum i n v e n t o r y b u i l d s q u i c k l y for about t h e f i r s t 10 years and a t 80 years a f t e r shutdown a c t i v i t y i s n e g l i g i b l e .
Three photon energies were found to r e p r e s e n t t h e m a j o r i t y o f t h e secondary gamma r a y p r o d u c t i o n w i t h energy r a t e s t h a t a r e r e l a t i v e l y c o n s t a n t o v e r t h e f i r s t 10 years a f t e r r e a c t o r shutdown. Surface a c t i v a t i o n dose r a t e s 1 m from t h e r e a c t o r excavation a r e o n l y about 20 m REM/hr and a t 2 m a r e n e g l i g i b l e . These surface dose r a t e c a l c u l a t i o n s were based on t h e c o n s e r v a t i v e assumption t h a t a l l of the s o i l a c t i v a t i o n photons were c o l l a p s e d i n t o a p o i n t source l o c a t e d i n t h e center o f t h e excavation.
Table X r e l a t e s t h e ORIGEN r e s u l t s i n terms o f human r a d i a t i o n exposure.
The 30 day exposure dose r e s u l t s shown i n t a b l e X are a l s o presented f o r t h e p l a n e t a r y surface m a t e r i a l s h i e l d o p t i o n case discussed p r e v i o u s l y . These r e s u l t s show t h a t an a s t r o n a u t can s a f e l y spend 30 days or more a t t h e back s u r f a c e o f t h e r e q u i r e d 5 m s h i e l d .
These r e s u l t s i n d i c a t e t h a t p l a n e t a r y s o i l a c t i v a t i o n i s i n s i g n i f i c a n t i n terms o f human exposure. However, a word o f c a u t i o n r e g a r d i n g t h e s o i l compos i t i o n data shown i n t a b l e V I 1 1 i s i n o r d e r . The accuracy and completeness o f t h i s d a t a i s unknown and t h e r e f o r e t h e r e i s a p o s s i b i l i t y o f undetected t r a c e elements and isotopes t h a t c o u l d produce e n e r g e t i c photons. Precursor science and sample r e t u r n missions w i l l be r e q u i r e d to determine d e t a i l e d s u r f a c e mater i a l compositions t o low ppm l e v e l s .
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